brown/beige adipocyte cell surface marker (Fig. 1P) . Similarly, genes governing fatty-acid 1 8 0 oxidation (PPARA) and lipogenesis (FASN) were upregulated in PVAT. With regards to 1 8 1 'browning', UCP1 mRNA was undetectable in IWAT and was not induced with exercise 1 8 2 training despite an upregulation of PGC1a, ADRB3, DIO2 and PPARA (Fig. 1P ). We then sought to determine the exercise-induced effects on the proteome of these BAT 1 8 7
and IWAT depots. We identified 353 differentially regulated proteins in BAT (Table 1: Top 20  1  8  8 proteins; Supp. Table 1 : Full list). The most significantly altered proteins were involved in 1 8 9 mitochondrial ATP synthase (ATP5E), nucleopore (NUP35), ADP ribosylation (ARF1 and 1 9 0 SCOC) and progesterone binding (PGMRC2). Among the proteins most upregulated in BAT 1 9 1 were those involved in assembly of the skeletal muscle cytoskeleton (PDLIM3 and MYH4), 1 9 2 muscle contraction (TNNI2) and muscle-specific phosphoglycerate mutase metabolism 1 9 3 (PGAM2). Proteins involved in calcium sensing in the luminal sarcoplasmic reticulum 1 9 4 (CASQ1) and beta adrenergic signalling (CAPN1 and PSMB7) were found to be the most 1 9 5 downregulated in BAT. Conversely, only 189 proteins were differentially regulated in IWAT 1 9 6 after exercise. The most significantly altered proteins (Table 2 : Top 20 proteins; Supp. Table  1  9  7 2: Full list) were involved in the trafficking of GLUT4 (TUSC5), the mitochondrial electron 1 9 8 transport chain (NDUFS6), beta adrenergic signalling (PSMB7), TLR4 signalling (LRRFIP2) 1 9 9
and apoptosis (ATG7 and BIN1). Proteins with the greatest fold change were those involved 2 0 0 in cell adhesion (CD44 and VCAN), FFA and lipoprotein metabolism (FABP3 and APOC1), 2 0 1 TGF-beta signalling (TSC22D1), purine and mitochondrial metabolism (LHPP and COX6A1) 2 0 2 and the acetylation of nucleosomes and DNA binding (HET and HMGB1). We then carried out functional analysis of the BAT and IWAT proteome. The differentially 2 0 7 regulated proteins in BAT enriched GO terms (Table 3 ; Supp. activity, mitochondrial respiratory chain complex IV and proton transporting ATP synthase 2 1 0 activity ( Fig. 2A-D) . There was also an enrichment of GO terms related to skeletal muscle 2 1 1 physiology including sarcomere, myosin complex and skeletal muscle tissue development 2 1 2 ( Fig. 2E-G) . In IWAT, (Table 4 ; Supp. Table 4 for full list) the differentially regulated proteins 2 1 3 enriched GO terms including positive regulation of apoptotic process, positive regulation of 2 1 4
ATPase activity and lipid droplet (Fig. 3A-C) . In addition, a number of GO terms associated 2 1 5 with RNA processing were enriched including spliceosomal complex and negative regulation 2 1 6 of transcription from RNA polymerase II promoter ( Fig. 3D-E) .
1 7
Impact analysis, which combines both classical overrepresentation analysis with the 2 1 8 perturbation of a pathway, highlighted several metabolic pathways modified by exercise 2 1 9 (Supp. shown that both BAT and skeletal muscle derive from the same Pax7+ / Myf5+ progenitor 2 7 8 cells and that the transcription factor PRDM16 drives the fate of these progenitors to 2 7 9 committed brown adipocytes [32] . Despite these shared characteristics, a definitive to the microvasculature, and this 'glycolytic' beige fat exhibits enhanced glucose metabolism 2 8 7 compared to typical beige adipocytes.
8 8
Given that exercise training drives myogenesis in skeletal muscle, it may have a similar 2 8 9 impact on BAT given their shared developmental origins. The enrichment of pathways 2 9 0 involved in amino acid metabolism (i.e. biosynthesis of amino acids; glycine, serine, 2 9 1 threonine, arginine and proline metabolism) seen in the current study would certainly point 2 9 2 towards this. Mice lacking interferon regulatory factor 4 (IRF4) in BAT (BATI4KO) exhibit 2 9 3 reduced exercise capacity at both low and high-intensity treadmill running, and display 2 9 4 selective myopathy [34] . Interscapular BAT of these exercise intolerant mice is characterised 2 9 5
by an upregulation of genes governing skeletal muscle physiology, including MyoD1, 2 9 6 troponin T1 and myostatin. This suggests that myogenesis in BAT may have an adverse 2 9 7 effect on whole body physiology. Alongside the induction of myogenic proteins was an 2 9 8 upregulation of proteins involved in the generation of precursor metabolites and energy and 2 9 9 mitochondrial respiration. Phosphoglycerate mutase (PGAM) is a key glycolytic enzyme, and 3 0 0 mutations in the muscle isoform of this gene (i.e. muscle phosphoglycerate deficiency) 3 0 1 cause tubular aggregates in muscle and exercise intolerance. An upregulation of the muscle 3 0 2 isoform of this protein (PGAM2) in BAT further strengthens the idea of a switch towards a 3 0 3 muscle phenotype and, along with the upregulation in mitochondrial proteins, points towards 3 0 4 increased glycolytic capacity. An enrichment of multiple mitochondria associated metabolic 3 0 5 pathways including OXPHOS further suggests that, despite no demonstrable impact on 3 0 6 UCP1 in BAT, the metabolic activity of this tissue has, nevertheless, increased. Whilst 3 0 7 further work is needed to validate and corroborate this data, we propose this as a novel, 3 0 8 UCP1-independent pathway through which exercise regulates BAT metabolism. Bridging integrator (BIN)1, for instance, is a MYC proto-oncogene interacting factor that 3 1 8 activates caspase-independent apoptosis in cancer cells, though its role in AT 3 1 9 immunometabolism is unknown [37] . Autophagy-related (ATG)7 is a ubiquitin activating 3 2 0 enzyme which forms a complex with caspase-9 to cross-regulate autophagy and apoptosis 3 2 1
[38]. Adipocyte specific ATG7 k/o mice are lean with reduced fat mass, increased insulin 3 2 2 sensitivity, an increase in BAT thermogenesis and are resistant to diet-induced obesity [39, MYBBP1a is a SIRT7 interacting protein which regulates nucleolar stress and ribosomal 3 2 5 DNA synthesis that is increased in visceral AT of obese mice and negatively regulates 3 2 6 adipogenesis [41, 42] . Downregulation of MYBBP1a by exercise training may be a putative 3 2 7 mechanism whereby physical activity and/or exercise regulates adipocyte number and size. 3 2 8
Finally, CD44 mRNA is three-fold higher in AT of insulin-resistant humans and correlates 3 2 9 with CD68 and IL6, whilst CD44 k/o mice are phenotypically healthier and exhibit reduced 3 3 0 AT inflammation [43, 44] .
Impact analysis demonstrated a number of significantly perturbed pathways. Epidermal 3 3 2 growth factor (EGF) was the single protein differentially regulated in pathways including 3 3 3 melanoma, phospholipase D signalling and PI3K-Akt signalling pathways. The role of EGF in 3 3 4 adipogenesis is well described with EGF receptor (ErbB1) abundance reduced in insulin 3 3 5 resistant women with Type 2 diabetes. Importantly, EGF exerts insulin-like effects on 3 3 6 adipocytes and skeletal muscle and this exercise-induced increase may be one way in which 3 3 7 physical exercise potentiates insulin-sensitising effects in these tissues [45] . The most 3 3 8 impacted pathway, however, was the spliceosome. This multi-megadalton ribonucleoprotein 3 3 9 complex removes introns from RNA polymerase II transcripts (pre mRNAs) and is a crucial 3 4 0 step in mRNA synthesis [46] . Given that c.95% of genes are subject to alternative splicing, a Perspect Biol, 2011. 3(7). 
